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Abstract 
Nowadays, ultrasonic imaging is widely accepted as a powerful tool for nondestructive evaluation in industrial and medical 
applications. Although its potential to provide volumetric images has been verified and there is a strong interest in the 
development of 3D system, it is an open question yet due to the large amount of required resources, the high volume of data 
under analysis, and the difficulty to design adequate sensors. 
This work is centered in the development of SAFT strategies for beamforming in 3D ultrasonic imaging systems based on a 
strong economy of resources in order to reduce complexity and cost, and improve the system portability. 
The use of synthetic aperture techniques (SAFT) to reduce the number of hardware channels has been a topic profusely studied in 
several application areas, such as radar, sonar or ultrasonic imaging. The conventional SAFT is based on the sequential 
activation, one by one, of the array elements in emission-reception. Once all the signals have been stored, the beamforming is 
applied in a post-processing stage, focusing every point in the image and correcting emission and reception simultaneously. 
SAFT images show higher lateral resolution than conventional phased array images, but unfortunately they also show grating 
lobes that reduce the contrast.  
Here we present a new SAFT technique for 2D arrays that eliminates the grating lobes making use of few resources. Thus, the 
technique requires no more than four reception channels in parallel for every emission.  
Experimental results are also presented to validate the simulations.  
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1. Introduction 
The use of synthetic aperture techniques (SAFT) to reduce the volume and complexity of the imaging systems 
has been a topic profusely studied in several application areas, such as radar [1, 2], sonar [3] or ultrasonic imaging 
[4, 5].  
The conventional SAFT is based on the sequential activation, one by one, of all the array elements in emission-
reception, using only one hardware channel to obtain the set of signals needed to compose the image. Once all 
signals have been stored, digital processing algorithms for beamforming must be applied in order to compose 
different views of the volume of interest. Furthermore, as no-focus is employed in emission, each image point can 
be focused in emission and in reception, increasing considerably the quality of the resulting images. 
However, as only one element for emission is used, the radiated energy is low, and the images present low SNR. 
Moreover, due to the activation sequence of the elements, the generated beam pattern presents grating lobes, which 
reduce drastically the image contrast. This effect, and the improvement of the lateral resolution in the images, can be 
explained easily if the coarray synthesized with this technique is analyzed. 
The coarray, also known as “effective aperture” in the ultrasound literature, represents the spatial response of the 
pulse-echo systems, and can be used to analyze the effect of the elements distribution in the emission/reception 
apertures and/or the activation sequence of the array elements. The spatial frequency response of the coarray defines 
the point-spread function (PSF), which is used to characterize the response of the imaging systems, allowing the 
evaluation of certain image parameters, such as the contrast and the lateral resolution. Therefore, the array systems 
can be considered in terms of the coarray formalism, which provides a convenient and elegant framework for 
understanding narrow-band far-field imaging and that is extended here to the wide-band case [6-11]. 
In previous works [12, 13] we proposed a SAFT solution for linear arrays that uses one element in emission and 
only two elements in reception with the objective of suppressing the grating lobes. In the present work we extend the 
same method to the bidimensional case, showing that with only one element in emission and four elements in 
reception (1e4r SAFT) the formation of grating lobes in 3D imaging can be avoided. Therefore, although the 
hardware requirements, including data memory, are slightly increased with respect to the conventional SAFT, the 
dynamic range of the images is significantly increased. 
Experimental work is also presented, where a piece of steel is tested using a squared array with 11x11 elements 
regularly distributed in a matrix grid. 
 
2. The coarray model of the bidimensional SAFT 
For narrow-band and far-field, an active imaging system can be modeled by the sum coarray, defined as:  
 CS={z : Z = x + y, x  SE, y  SR} (1) 
where x and y are the elements positions in the plane, and SE and SR the sets of the transmitter and receiver array 
element locations respectively [14]. The PSF is evaluated as the bidimensional Fourier transform of CS. 
The coarray of a full phased array (NxN) is organized in a matrix distribution of (2N-1)x(2N-1) cells, where the 
elements are spaced Ȝ/2. If a planar apodization is used in the original apertures, the coarray shows a pyramidal 
shape. 
In a SAFT system, the resulting coarray can be easily calculated as the sum of the N subcoarrays obtained with 
each emission-reception pair [11]. 
 CSAFT =  Ci
 
(2) 
Due to the aperture matrix organization and the regular grid distribution of Ȝ/2, each Ci can be seen as a 
bidimensional convolution of two matrix structures (one for emission and the other for reception) that are integrated 
in a (2N-1)x(2N-1) matrix that represents the coarray CSAFT. The coarray composition for a conventional SAFT is 
presented in Figure 1, where active elements are represented in black color and non active elements in white. For 
simplicity, the example is developed with a 4x4 matrix array instead of the 11x11 used in the experimentation. 
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In conventional SAFT, each emission/reception sequence completes one element in the coarray. The distribution 
of the elements in the coarray is composed then by N elements that are distributed equally spaced in the total grid, 
generating empty positions in the coarray, which increase the inter-element distance to Ȝ. Consequently, as it is well 
known, grating lobes appear at ș = 90º and ĳ= 0º, 90º, 180º, 270º. 
Fig 1. Coarray composition for a conventional SAFT system. Each convolution is an emission/reception operation which composes one element 
of the coarray. 
3. The 1e4r SAFT 
In this work we propose filling the empty positions appearing on the conventional SAFT coarray using several 
receiver channels in parallel. This solution, which was proposed initially for linear arrays, can be easily expanded to 
the two-dimensional case. Figure 2 shows the process for a 4x4 array.  
It is possible to complete all the coarray cells if instead of one element, as in the conventional SAFT, a group of 
elements located on adjacent positions composes the receiver set. This set of receivers is composed by 4 elements 
except in two of the boundaries, where it is reduced to 2, and in the corner that these boundaries share, where only 
one element is required. 
The resultant coarray is planar, with an inter-element distance between its virtual elements that satisfy the Ȝ/2
criterion. Hence, the coarray shows a natural planar apodization and consequently no grating lobes appear in the 
radiation pattern. 
In order to compare both SAFT strategies and the full parallel phased array, simulated lateral profiles (ș=-
90º:90º, ĳ=0º) based on a point-wise model have been computed for wide-band excitation (50%, 3MHz). The 
resultant PSFs are presented in Figure 3. 
As we can see, only the conventional SAFT shows grating lobes, limiting its dynamic range to 15 dB. The 1e4r 
SAFT profile is free of grating lobes, increasing its dynamic range to 32dB. Parallel phase array shows a dynamic 
range of 45dB. Both SAFT techniques have similar lateral resolution until 16dB, when secondary lobes appear, and 
higher than parallel phase array. However, in this last case the main beam is maintained until 30dB. 
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Fig.2. Coarray composition for a 2D 1e4r SAFT system. Each convolution is an emission/reception operation which composes between 2 and 4 
elements of the coarray. 
Fig.3 Simulated lateral profile (ș=-90º:90º, ĳ=0º) of the wide-band response of conventional SAFT, 2D 1e4r SAFT and a parallel phased array. 
Punctual source elements have been considered to simulate the aperture. 
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4. Experimental Results 
In order to evaluate the theoretical results presented in the previous sections, we have made a set of 
measurements with a real imaging system. A 2D square matrix array transducer with 11x11 elements (IMASONIC, 
mod. 7038-A101) has been used in the experiments. The transducer works at 3MHz and has a kerf of 0.2mm and a 
pitch of 1mm in both directions, which approximately corresponds to a distance of Ȝ/2 in steal. The transducers 
present a 50% of relative bandwidth. A SITAU 128:128 equipment, manufactured by DASEL S.L, has been used to 
obtain the signals and to implement the beamforming techniques.  
Fig.4 Scheme of the piece inspected. 
A piece of steal (21cm x 21cm x 10cm) has been used to make the measurements. It has been drilled a 2-mm 
diameter hole with a depth of 3cm in the centre of the bottom face, being at 7cm from the top face, where the 
transducer is located. The piece is big enough to consider that no echo coming from the walls are registered in the 
scanned images. The speed of sound on the piece is approximately 6.22mm/μseg. Fig. 4 shows a diagram of the 
system used for the measurements.  
The grey area represents the volume of interest that has been scanned with the imaging system. This volume is 
contained between a hemisphere of 6cm radius and other of 9cm radius. 
All signals are stored and then dynamically focused to compensate the emission and reception time of flight in 
order to obtain the images. The volume has been scanned in 91 positions in elevation and 360 positions in azimuth. 
Fig. 5 shows a noisy signal acquired with one of the elements (a) and another one corresponding to the image central 
line of SAFT sequence (b). The signals have been sampled at 40MHz. Due to the small size of the elements, the 
echo from the hole can hardly be distinguished from the noise contained in (a). 
Fig.5  Example of a signal acquired with one element (a) and the resultant central line of a SAFT signal obtained combining the 121 signals 
received (b). 
10cm
21cm
3cm
6cm 9cm
(a)
(b)
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The 3D data corresponding to the volume of interest (Figure 4) were analyzed using the classical C-scan images, 
which are presented in Figure 6 and 7 by their projection over the plane of the transducer.  
The conventional SAFT image can be seen in Figure 6, where the grating lobes are easily identified in the 
principal axis. A detailed analysis of the image shows that the hole is slightly displaced from the image center. 
Fig.6 C-scan image composed by conventional SAFT. 
Figure 7 shows the same image for the 1e4r SAFT. The grating lobes have been suppressed and it can be seen a 
considerable improvement of the dynamic range in the image. However we can appreciate the influence of the 
secondary lobes, which are presented near the main beam in the principal axis. 
Fig 7. C-scan image composed by 1e4r SAFT. 
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The lateral profile in the direction ș=-90º:90º, ĳ=0º is also presented in the Figure 8 in order to compare with the 
simulated profiles. In this case, parallel phase array is included. Conventional SAFT shows a reduced dynamic range 
mainly due to the grating lobes but also because of the high level of noise in the signals. The 1e4r SAFT shows a 
reduction in its dynamic range due to the noise level of signals but it maintains the difference of 15dB in relation to 
the parallel phased array that was shown in the simulated profiles. 
In relation to the lateral resolution, similar results to the simulations presented in Figure 3 are obtained. 
Fig.8  Experimental lateral profile (ș=-90º:90º, ĳ=0º) conventional SAFT, of 1e4r SAFT, and of a parallel phased array. 
5. Conclusion 
A synthetic aperture method that use only one channel in emission and no more than four in reception has been 
presented. The described method has the same advantages than the conventional SAFT, but avoids the problem of 
low contrast due to the grating lobes. The performance of this new method has been evaluated using both synthetic 
and experimental signals, verifying the expected results. 
1e4r-SAFT is an attractive method due to its low cost and power consumption since the active channel count is 
low. Furthermore, a higher spatial resolution is possible since full dynamic focusing is performed on both emission 
and reception.  
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